We address the impact of a modified W ℓν coupling on a wide range of observables, such as τ leptonic and mesonic decays, leptonic decays of pseudoscalar mesons, as well as semileptonic meson decays. In particular, we concentrate on deviations from lepton flavour universality, focusing on the ratios
Introduction
In order to account for neutrino masses and mixings, the Standard Model (SM) can be extended with new sterile fermionic states, such as right-handed neutrinos. Sterile states are present in several neutrino mass models, and their existence is also strongly motivated by current data from reactor experiments, cosmology, as well as indications from large scale structure formation [1, 2] . In these frameworks, leptonic charged currents can be modified due to the mixings of the sterile neutrinos with the active left-handed ones. The SM flavour-conserving term in the lepton weak charged current Lagrangian is modified as
where U is a generic leptonic mixing matrix, i = 1, . . . , n ν denotes the physical neutrino states and j = 1, . . . , 3 the flavour of the charged leptons. In the case of three neutrino generations, U corresponds to the unitary PMNS matrix, U PMNS . The mixing between the left-handed leptons, here denoted byŨ PMNS , now corresponds to a 3 × 3 block of U , which can be parametrised as
where the matrix η contains the deviation ofŨ PMNS from unitarity [3, 4] . The active-sterile mixings and the departure from unitarity ofŨ PMNS can have an impact on several observables, inducing deviations from SM predictions, such as violation of lepton flavour universality (LFU) [5] [6] [7] , enhanced lepton flavour violating (LFV) processes [8, 9] and new contributions to different low-energy rare decays.
In this work we address the impact of the modified charged current vertex on several observables, whose dominant SM contribution arises from tree-level W exchange. This is the case of decays with one or two neutrinos in the final state, as for example τ leptonic and mesonic decays, leptonic π, K, D, D s , B decays and semileptonic meson decays, like B → Dℓν. We also consider leptonic gauge boson decays, such as W → ℓν and Z → νν. Despite the fact that the hadronic sector can also be affected by some underlying New Physics (NP) contributions, in our analysis we decorrelate these effects, assuming that all NP effects are encoded in the modified leptonic weak current vertices, due to the presence of extra sterile neutrinos. To do so, and for all the observables mentioned above, we derive the corresponding complete analytical expressions in this context, in particular, fully accounting for massive charged and neutral fermions as well as mixing in the lepton sector.
The deviations from unitarity as well as the possibility of having the sterile states as final decay products might induce departures from the SM theoretical expectations. Due to these potential contributions, these frameworks are severely constrained: any realisation must comply with a number of laboratory bounds, electroweak (EW) precision tests and cosmological constraints, among others.
The modified W ℓν vertex, and the associated new contributions to the different observables mentioned above can be found in several scenarios with additional singlet states, as is the case of the νSM [10] , the low-scale type-I seesaw [11] and the Inverse Seesaw (ISS) [12] , among other possibilities. For the purpose of our numerical analysis, it is convenient to consider a specific seesaw realisation which consists of an extension of the SM field content by sterile neutrinos. As done in a first study devoted to LFU violation in kaon and pion leptonic decays [7] , we consider here the ISS, which has the appealing feature of naturally having large Yukawa couplings and a comparatively light sterile spectrum at the same time, thus increasing the active-sterile mixing. It is nevertheless worth pointing out that our results are quite general, since they only depend on the modified W ℓν vertex. Therefore, and although we choose a specific framework, the qualitative conclusions here derived should in principle hold for other models.
Our work is organised as follows: in Section 2 we address in detail the departure from unitarity of theŨ PMNS matrix, focusing on the different constraints arising from neutrino data, electroweak observables, laboratory measurements and cosmological observations. In Section 3, we discuss the observables considered, presenting analytical formulae, and we summarise the corresponding SM expectations and experimental status. The numerical results (for the specific realisation of the ISS considered) are collected and discussed in Section 4, while our concluding remarks are given in Section 5.
The SM extended by fermionic gauge singlets
One of the simplest extensions of the SM allowing to accommodate massive neutrinos consists in the introduction of right-handed states ν R , singlets under the SM gauge group. The SM mass Lagrangian is enlarged with a Dirac mass term m DνR ν L , and should lepton number violation be allowed, with a Majorana mass term m Mν c R ν R . Within this class of models, the standard type-I seesaw [13] [14] [15] is an appealing framework, where a natural explanation for the smallness of neutrino masses can be found by assuming that the Majorana masses of the right-handed neutrinos are large, leading to a suppression of m ν ∼ m 2 D /m M . However, the large mass scales usually involved, typically much larger than the electroweak scale, imply that no direct experimental tests of the standard type-I seesaw model are possible. Low-scale seesaw models, in which the new singlet fermions are lighter, with masses around the electroweak scale, are more attractive from a phenomenological point of view. In this case, the new states can be produced in collider or low-energy experiments and their contributions to physical processes can be sizable. In our work we will consider this type of models 1 .
Impact for charged currents: the W ℓν W ℓν W ℓν vertex
In the framework of the SM extended to accommodate massive neutrinos, the lepton weak charged current Lagrangian is given by
In the above, V and U ν are unitary transformations that relate the physical ℓ and ν states to the gauge eigenstates ℓ ′ and ν ′ as
and the matrix U is thus the leptonic mixing matrix (the analog of the CKM matrix in the quark sector); just as in the quark sector, where the flavour structure of the CKM matrix leads to a very rich phenomenology, the leptonic mixing matrix also has an impact on many observables related to lepton flavour. The above discussion is generic, and holds in scenarios with additional singlet neutrinos. However, since only left-handed leptons participate in the charged interaction, in this case U is a rectangular matrix which can be written as
whereŨ PMNS is a 3 × 3 matrix and U AS is a 3 × (n ν − 3) matrix, with n ν the total number of neutrino states. While the rows of U are indeed unit vectors (U U † = 1), theŨ PMNS and U AS submatrices are not unitary [3] . One can easily interpret the matricesŨ PMNS and U AS . In the case of three neutrino generations (no additional sterile states), U corresponds to the unitary PMNS matrix and thus one can identify Ũ PMNS = U PMNS . However, in general, the mixing among the left-handed leptons is given by a non-unitaryŨ PMNS , usually parametrised as already introduced in Eq. (2),
Finally, the matrix U AS contains information about the mixing between the active neutrinos and the sterile singlet states.
Although no data on the CP violating phases is available, we have also investigated the effect of the Dirac phase in our analysis.
As recently pointed out [19] , a combination of solar neutrino experiments, medium-baseline and short-baseline reactor antineutrino experiments could allow to perform the first direct unitarity test of the PMNS matrix.
Bounds on the non-unitarity matrix η, defined in Eq. (2), were derived using Non-Standard Interactions [20] . However, they were obtained by means of an effective theory approach, and thus their application in our numerical study will be limited to the cases in which the latter approach is valid.
Constraints from EW precision tests
Let us begin by briefly commenting on the constraints derived from global fits to electroweak precision data. In the presence of singlet neutrinos, electroweak precision constraints were first addressed in [21] and recently studied in [22, 23] . In [21] , an effective approach was used, and thus these constraints will only be considered in cases with multi-TeV singlet states. Our numerical results, which will be presented in Section 4, are in agreement with the results of [22, 23] .
Z Z Z invisible decay width
The comparison of the SM prediction of the Z invisible decay width to the LEP measurement [24] ,
suggests that the experimental value is ∼ 2 σ below the theoretical expectation of the SM. In order to investigate if the presence of sterile fermions could have an impact on the decay width Γ(Z → νν), one needs to consider the latter decay in the general case of massive Majorana neutrinos. The invisible Z decay width reads
where i, j = 1, . . . , N max (N max corresponding to the heaviest ν which is kinematically allowed).
In the above, the kinematical function λ(a, b, c) is defined as
and the couplings b L,R are
Finally, ∆ ij = 1 − 1 2 δ ij is a factor which accounts for the Majorana nature of the neutrinos. Since the latter expressions depend on the entries of the mixing matrix U , and given that the sum in Eq. (10) involves all neutrino states that are kinematically allowed, the Z invisible decay width is an important constraint that any model involving fermionic gauge singlets should satisfy.
Other constraints
Sterile neutrinos can be produced in meson decays such as π ± → µ ± ν, with rates dependent on their mixing with the active neutrinos. Negative searches for monochromatic lines in the muon spectrum can be translated into bounds for m Ns − θ µs combinations, where m Ns is the mass of one of the sterile states and θ µs parametrises the active-sterile mixing [1, 25] . All experimental searches performed so far have led to negative results, allowing to set stringent limits for sterile neutrinos with masses in the MeV-GeV range and fuelling plans for future experiments [26] .
Unless the active-sterile mixings are negligible, the modified W ℓν vertex may also contribute to LFV processes, with rates potentially larger than current bounds. The radiative muon decay µ → eγ, searched for by the MEG experiment [27] , provides the most stringent constraint. The rate induced by sterile neutrinos 2 should obey [8, 9] 
where
, G γ being the associated loop function and U the mixing matrix defined in Eq. (1). In addition, α W and s W = sin θ W denote the weak coupling and mixing angle, respectively, while Γ µ corresponds to the total muon width.
At higher energies, constraints on sterile neutrinos can also be derived from Higgs decays. LHC data already provides some important bounds when the sterile states are slightly below 125 GeV, due to the potential Higgs decays to left-and right-handed neutrinos. This has been recently studied in [33] [34] [35] .
Finally, in the presence of lepton number violating (LNV) interactions, as is the case for singlet neutrinos with Majorana masses, new processes are possible. Although neutrinoless double beta decay [36] remains the key observable (the most recent results on neutrinoless double beta decay having been obtained by the GERDA experiment [37] ), the LHC is beginning to be competitive, as demonstrated by the phenomenological studies of [38, 39] and recent CMS results [40] . However, we have not taken these LNV processes into account, since they are not correlated with the observables of interest for our study 3 .
Constraints from cosmology
Under the assumption of a standard cosmology, the most constraining bounds on sterile neutrinos with a mass below the TeV arise from a wide variety of cosmological observations [1, 41] . Sterile neutrinos can constitute a non-negligible fraction of the dark matter of the Universe and thus influence structure formation, which is constrained by Large Scale Structure and Lyman-α data. Active-sterile mixing also induces the radiative decays ν i → ν j γ, well constrained by cosmic X-ray searches. Lyman-α limits, the existence of additional degrees of freedom at the epoch of Big Bang Nucleosynthesis, and Cosmic Microwave Background data (among others), allow to set additional bounds in the m Ns −θ is plane. However, all the above cosmological bounds can be evaded if a nonstandard cosmology is considered, for example in scenarios with a low reheating temperature [42] , or when sterile neutrinos couple to a dark sector [43] . In our numerical analysis we will allow for the violation of the latter bounds in some scenarios, explicitly stating it.
Observables
We now proceed to derive the new contributions to a number of observables involving the W → ℓν vertex. Some of these expressions have also been derived in [44] . Although for many of the considered observables there is a good agreement between the SM expectations and experimental measurements, for some others there is a manifest tension between theoretical predictions and experimental results. We will explore how extending the SM by sterile neutrinos might contribute to alleviate some of the latter tensions. This will depend on the sterile neutrino masses and on their mixings with the active neutrinos. Should the sterile fermions be light, they can be kinematically available as final states of a given decay, leading in some cases to a further enhancement from phase space effects. In this work we thus address (when possible) observables which allow to reduce the need of hadronic input.
We first consider the observable most directly affected by the sterile fermions -W leptonic decays, BR(W → ℓ i ν). The width of the W → ℓ i ν decay is given by
where the functions Γ V F F and λ(m W , m F 1 , m F 2 ) are given in Eqs. (11) and (12), respectively. The couplings a L are defined as
Not necessarily all ν j can be final products of the decay. We denote by N (ℓ i ) max the N th heaviest neutrino mass eigenstate which is kinematically allowed when the lepton produced is ℓ i . Notice that the SM result can be easily recovered by taking the limits m ν j = 0 and U ji = δ ji . Our result translates into corrections to BR(W → eν), BR(W → µν) and BR(W → τ ν), whose experimental values [24] and SM predictions 4 [45] exhibit at present a small tension,
The tension between LEP-II results [46] and the SM prediction on W → ℓν decays has not been given a large attention but for a few exceptions, see for example [47] .
τ τ τ decays
Due to its comparatively large mass, the tau lepton can have both leptonic and mesonic decays, for example into pions or kaons. Here we discuss how the corrections to the W ℓν vertex can affect the W -mediated tree-level τ decays.
Leptonic τ τ τ decays
Flavour universality in leptonic τ decays is parametrised by the quantity R τ ,
In the SM (with vanishing m ν ) one has R τ ≃ 0.973 [48] . Experimentally, this observable has been measured to a precision better than the individual decay widths by the BaBar [49] and CLEO [50] experiments, with the following values
while the current global fit stands at R τ = 0.9764 ± 0.0030 [24] .
In the presence of additional sterile fermions, the decay width Γ(ℓ i → ℓ j νν) must be corrected 5 and after summing over all the kinematically accessible neutrinos, one finds, under the assumption of a Majorana nature for the neutrinos,
with
where U is the full leptonic mixing matrix defined in Eq. (1) and G F is the Fermi constant. The Dalitz variable is defined as s jα = (p ℓ j + p να ) 2 , p ℓ j , p να being the corresponding momenta for ℓ j and ν α .
Mesonic τ τ τ decays
It is also interesting to consider the impact of the modified W ℓν vertex on mesonic τ decays. In particular, we consider the following observables
with ℓ = e , µ. These observables allow to indirectly probe the universality of the τ -coupling, while remaining free of hadronic matrix element uncertainties. Indeed, the dependence on the decay constants cancels out in these ratios at tree-level. The corresponding experimental values can be computed from the individual decay widths given in [24]
while our estimations of the tree-level SM predictions are
and R eτ π = 7.602 × 10 7 .
In the SM extended by the new sterile states, the mesonic τ decay width is given by
5 New corrections to the SM results for the leptonic decay width of muons and taus have been recently discussed in [51, 52] , in the limit of massless neutrinos.
where P = π, K and i = 1, . . . , N (P ) max . The function λ(m τ , m P , m ν i ) has been given in Eq. (12) and V′ CKM denotes the appropriate CKM matrix element. In addition, N (P ) max is the heaviest neutrino mass eigenstate which is kinematically allowed when a P meson is produced. The leptonic pseudoscalar meson decay width in the presence of additional sterile neutrinos was given in [7] , and will be discussed in the following subsection (see Eqs. (30, 32) ).
Leptonic pseudoscalar meson decays
We now address the decays of pseudoscalar mesons into leptons, whose dominant contributions arise from tree-level W mediated exchanges. The theoretical prediction of some decays can be plagued by hadronic matrix element uncertainties (as is the case of leptonic B decays): however, by considering the ratios
these can be significantly reduced since the hadronic uncertainties cancel out to a good approximation, so that the SM predictions can be computed with a high precision. In order to compare the experimental bounds (some of which have recently been obtained with an impressive precision) with the SM expectation, it proves convenient to use the quantity ∆r P , which parametrises deviation from the SM prediction, possibly arising from new physics contributions:
The expression for R P in the SM extended by sterile neutrinos is given by [7] 
where the function λ(m P , m ν i , m ℓ j ) is given by Eq. (12) . Again, we recall that all states do not necessarily contribute to R P ; this can be confirmed from inspection of G ij , which must be a positive definite quantity. The result of Eq. (32) allows for a straightforward interpretation of the impact of the new sterile states: F ij represents the impact of new interactions (absent in the SM), whereas G ij encodes the mass-dependent factors. In the limit where m ν i = 0 and U ji = δ ji , one can recover the SM result from Eq. (32),
to which small electromagnetic corrections (accounting for internal bremsstrahlung and structuredependent effects) should be added [53] . Notice the strong helicity suppression,
in Eq. (34) . This makes R P (and ∆r P ) one of the most sensitive observables to study lepton flavour universality violation.
The general expression for ∆r P reads
max is the heaviest neutrino mass eigenstate kinematically allowed in association with ℓ j . As can be seen from the above equation, ∆r P can considerably deviate from zero, due to the mass hierarchy of the new states and the active-sterile mixings. Owing to its analytical transparence, we again stress the distinct sources of enhancement to ∆r P . Firstly, and if the new sterile states are light (in particular lighter than the decaying meson) all the ν i mass eigenstates can be kinematically accessible as final states. Although in this limit unitarity would be recovered (as one would sum over all 3 + N s states whose mixing is parametrised by U ), ∆r P can still be enhanced due to the new phase space factors, see Eq. (33) . Heavier steriles can also lead to an enhancement of ∆r P , as a result of deviations from unitarity: even though this is more modeldependent, sterile mixings to active neutrinos can be sizable due to the possibility of having larger Yukawa couplings.
Although the general expression for the leptonic pseudoscalar decays has been given above, Eqs. (32, 35) , we briefly comment below on each of the specific observables we will address.
The R K,π (and ∆r K,π ) observables were already discussed in [7] , and constitute a perfect test of lepton flavour universality. The comparison of theoretical analyses [53, 54] with the recent measurements from the NA62 collaboration [55, 56] and with the existing measurements on pion leptonic decays [57]
suggests that observation agrees at the 1σ level with the SM predictions for
The current experimental uncertainty in ∆r K (of around 0.4%) should be further reduced in the near future, as one expects to have δR K /R K ∼ 0.1% [58, 59] , which can translate into measuring deviations ∆r K ∼ O(10 −3 ). There are also plans for a more precise determination of ∆r π [60, 61] .
We also consider the observables
as well as the corresponding deviations from the SM predictions
Although at first sight apparently redundant, the study of the observables R e,µ and ∆r e,µ is well motivated. Indeed, they offer the possibility to extract the ratios f π /f K and |V us |/|V ud | using an experimentally clean signal and with little theoretical uncertainty. Unfortunately, the current values of R e and R µ are at present computed using different measurements [24] coming from experiments that are sometimes separated by more than 20 years. This makes a proper evaluation of systematic uncertainties quite difficult. However, the NA62 experiment will have a good control of the systematics due to the presence of the same charged lepton in the final state (owing to the acquisition of both samples in the same data taking, with the same beam configuration and with the same trigger strategy). In fact, R e can be measured with a precision at the level of 0.5% within a few years at NA62 [62] . Even if the experimental prospects for R µ are less appealing, we nevertheless include it for completeness in our study. The corresponding current experimental values are [24] R e = 3.70 ± 0.02 , R µ = 0.748 ± 0.002 ,
and these can be combined with our estimates of the SM results (central values),
leading to ∆r e = −0.003 ± 0.006 , ∆r µ = 0.007 ± 0.002 .
Nominal SM expectations on D and D S leptonic decays, as well as the experimental results from CLEO-c and BES III, can be found in [63] . In our study we focus in particular on D s observables, which have recently been well measured by CLEO-c [64] :
Both these observables present a deviation from the theoretical expectation: 2.4 σ using the QCD sum rules estimation for the decay constant f Ds , or a 2.8 σ deviation using the lattice determination (see [64] and references therein).
As before, considering ratios of decay widths (R Ds ) allows to cancel the theoretical uncertainties (due to f Ds ), and thus to compute the SM prediction to a high precision,
Motivated by the fact that the ratio of D s and D decay constants was recently determined to a high precision [65] , we have also studied the following ratio
where λ is the CKM parameter in the Wolfenstein parametrisation (V cs CKM /V cd CKM = 1/λ) and f Ds , f D are the D s and D pseudoscalar decay constants, respectively. Lattice QCD computations have allowed to determine the ratio f Ds /f D with a high precision. For instance in [66] , one has
while in [65] , one has
f K and f π being the kaon and pion decay constants, whose ratio is given by (world average value, see [67] ):
Leptonic B B B meson decays:
Similarly, the leptonic decays of heavier mesons can also be affected by changes in the W ℓν vertex, in particular B → τ ν. In the SM extended by the new sterile states, the decay rate for B → τ ν i is given by:
where i = 1, . . . , N max (N max corresponding to the heaviest ν s which is kinematically allowed when the B meson decays into a τ lepton). The function λ(m B , m τ , m ν i ) has been given in Eq. (12) .
The following bounds must be taken into account [24] :
It should be noted that the experimental measurement of BR(B → τ ν) significantly deviates from its SM prediction,
which was obtained with V ub CKM = 3.65(13) × 10 −3 , corresponding to the average estimate from the global fits of CKMfitter [68] and UTfit [69] , and f B = (188 ± 6) MeV, an average from the most recent lattice QCD results [70] [71] [72] . Interestingly, the Belle collaboration has published an updated analysis, reporting an even lower value [73] , BR(B → τ ν) = (0.72
and when averaged with the BaBar result [74] , the Belle measurement leads to
Notice that since only the decay B → τ ν has been observed, it is not possible to study a ratio of decay widths as done for other pseudocalar mesons.
Semileptonic pseudoscalar meson decays
Recent (surprising) experimental results for the ratio of the branching fractions of the B → D ( * ) τ ν and B → D ( * ) µν decays have opened the door to the possibility of constraining potential New Physics contributions through these decay modes. In our analysis, we only focus on the following observable 6
for which BaBar's recent measurement [75] is
Notice that BaBar's definition of R(D) does not distinguish a muon from an electron in the final state, i.e., the observable in fact corresponds to R(D) =
Γ(B + →D ℓ + ν) . 6 We recall that the form factors for B → D * ℓν are poorly known and have very large theoretical uncertainties.
Based on lattice estimations of the hadronic matrix elements (parametrised by form factors), the SM prediction for R(D) is [76] 
which lies more than 1σ (but less than 2σ) below the experimental results 7 .
It is worth mentioning that the BaBar excess of events in B → D * τ ν decays, revealing a 3.4 σ deviation from the SM prediction [78] , cannot be accommodated by contributions from charged Higgs bosons in the context of type-II Two Higgs Doublet Model (2HDM) [79] . In fact, BaBar excludes the latter contributions as an explanation of the deviations in R(D) and R(D * ) from their SM predictions [80] . Moreover, and as discussed in [81] , the observed excess on R(D) (and R(D * )) also fails to be explained in large portions of the more general type-III 2HDM. Similarly, the authors of Ref. [79] found regions in the parameter space of the Aligned 2HDM able to accommodate the R(D * ) measurement, although in conflict with the constraints from leptonic charm decays.
For these observables, the mass of the neutral leptons is usually neglected. Here we will derive analytical expressions for Γ(P → P ′ + ℓ i + ν j ) in terms of invariants, keeping all lepton masses (neutral and charged ones). Notice that R(D) is more interesting since tests of compatibility of the Standard Model (or any of its extensions) can be done experimentally with a minimal theory input. Indeed, the decay rates are parametrised by two form factors, F + (q 2 ) and F 0 (q 2 ). The first, F + (q 2 ), has recently been experimentally well measured [82] and the behaviour of the second, F 0 (q 2 ), with respect to the transfer momentum q 2 , has also been determined [76] (consistent with many different theoretical estimations from Lattice QCD collaborations [83, 84] , as well as with QCD sum rules analyses [85, 86] ),
Consider then the semileptonic meson decay
with m the mass of the decaying pseudoscalar meson, m 1,2 those of the final state charged and neutral leptons, and m 3 the mass of the final pseudoscalar state meson. The total width of the decay can be decomposed as
where each (partial) width is associated to the form factors F + (q 2 ), F 0 (q 2 ) (and combinations thereof) as follows
The above widths can be written as:
In the above expressions, V′ CKM denotes the appropriate CKM matrix element, q the momentum transfer, ∆m 2 refers to the squared mass difference between the two meson masses
and the function λ(q, m 1 , m 2 ) is given by Eq. (12).
Numerical results and discussion
As mentioned before, the non-unitarity of the leptonic mixing matrix, together with the possible phase space enhancement (when the sterile states are very light), can modify the contributions to rates for leptonic and hadronic processes with neutrinos in the final state. Observables which have been measured with very good precision, and are in agreement with SM expectations, will allow to constrain the departure from i |U ji | 2 = 1 (as seen in Section 3.3, the observables depend on i |U ji | 2 , with the sum extending over all kinematically accessible neutrino states).
In our approach we assume that all NP effects lie in the lepton sector; notice however, that the decorrelation of NP effects arising from the modified W ℓν vertex is sometimes hampered by large systematic uncertainties on the hadronic matrix elements (with impact on V CKM element determination). Moreover, as already mentioned, we do not address higher-order corrections (had we computed the latter, the systematic errors related to the uncertainty in hadronic matrix elements would overlap with our own systematics).
Although the generic idea explored in this work applies to any model where the active neutrinos have sizable mixings with some additional singlet states, in order to evaluate the contributions of the new states, one must consider a specific framework. Here, as an illustrative example, we consider the case of the Inverse Seesaw [12] to discuss the potential of a model with sterile neutrinos regarding tree-level contributions to leptonic and semileptonic meson decays (as mentioned before, there are other possible frameworks to illustrate the effect of sterile neutrinos on these observables).
The inverse seesaw
In the inverse seesaw [12] , the SM particle content is extended by n R generations of right-handed (RH) neutrinos ν R and n X generations of singlet fermions X (such that n R + n X = N s ), both with lepton number L = +1 [12] . Even if deviations from unitarity can occur for different values of n R and n X , here we will consider the case n R = n X = 3. The Lagrangian is given by
where i, j = 1, 2, 3 are generation indices andH = iσ 2 H * . Notice that the present lepton number assignment for the new states, together with L = +1 for the SM lepton doublet, implies that the Dirac-type right-handed neutrino mass term M R ij conserves lepton number, while the Majorana mass term µ X ij violates it by two units. The non-trivial structure of the neutrino Yukawa couplings Y ν implies that the left-handed neutrinos mix with the right-handed ones after electroweak symmetry breaking. In the {ν L , ν c R , X} basis, one has the following symmetric (9 × 9) mass matrix M,
Here
Y ν v, v/ √ 2 being the vacuum expectation value of the SM Higgs boson. Assuming µ X ≪ m D ≪ M R , the diagonalization of M leads to an effective Majorana mass matrix for the active (light) neutrinos [87] ,
while the remaining 6 sterile states have masses approximately given by
In what follows, and without loss of generality, we work in a basis where M R is a diagonal matrix (as are the charged lepton Yukawa couplings). The couplings Y ν can be written using a modified Casas-Ibarra parametrisation [88] (thus automatically complying with light neutrino data):
where √m ν is a diagonal matrix containing the square roots of the three eigenvalues of m ν (cf. Eq. (68)); likewise M is a diagonal matrix with the square roots of the eigenvalues of
, and R is a 3 × 3 complex orthogonal matrix, parametrised by 3 complex angles, encoding the remaining degrees of freedom.
A distinctive feature of the ISS is that the additional µ X ij parameters allow to accommodate the smallness of the active neutrino masses m ν for a low seesaw scale, but still with natural Yukawa couplings (Y ν ∼ O(1)). As a consequence, one can have sizable mixings between the active neutrinos and the additional sterile states. This is in contrast with the canonical type-I seesaw, where having O(1) Yukawa couplings usually requires M R ∼ 10 15 GeV, thus leading to truly negligible active-sterile mixings.
The neutrino mass matrix is diagonalized as U T ν MU ν = diag(m i ). The nine neutrino mass eigenstates enter the leptonic charged current through their left-handed component (see Eq. (1), with i = 1, . . . , 9, j = 1, . . . , 3). Again in the basis where the charged lepton mass matrix is diagonal, the leptonic mixing matrix U is given by the the rectangular 3 × 9 sub-matrix corresponding to the first three columns of U ν .
Finally, we also refer to [89] [90] [91] for earlier studies on non-unitarity effects in the inverse seesaw.
Constraining the ISS parameter space
The adapted Casas-Ibarra parametrisation for Y ν , Eq. (69), ensures that neutrino oscillation data is satisfied (we use the best-fit values of the global analysis of [16] -see Eqs. (6, 7)). The R matrix angles are taken to be real, their value randomly varied in the range θ i ∈ [0, 2π] (thus no contributions to lepton electric dipole moments are expected). However, we have verified that similar results are found when considering the more general complex R matrix case. We also study both hierarchies for the light neutrino spectrum, and the effect of a non-vanishing Dirac CP violating phase. The simulated points are then subject to all the constraints previously mentioned, and those not complying with the different bounds (with the exception of the cosmological constraints) are excluded. As argued in [42] , the cosmological bounds can be evaded by considering a nonstandard-cosmology; we therefore keep these points, explicitly identifying them via a distinctive colour scheme (blue points in agreement with cosmological bounds, red points requiring a nonstandard cosmology) throughout the numerical analysis and subsequent discussion. For illustrative purposes, we also display points excluded by the recent MEG bound (see Eq. 14)), although these will always be identified by a different colour scheme (grey points in this case).
Before proceeding to the analysis of the observables, let us briefly discuss the effect of the above mentioned constraints on the potential deviations from unitarity of theŨ PMNS matrix, which is parametrised byηη
considering both cases of normal (NH) and inverted (IH) hierarchies for the light neutrino spectrum. As can be seen from Fig. 1 , regimes ofη ∼ O(10 −1 ) are indeed possible; however these solutions are typically disfavoured from standard cosmology arguments. It is nevertheless clear that the ISS framework favours a NH scheme (notice that the density of points surviving the above mentioned constraints is denser in this case). Moreover, the recent MEG bound has a more severe impact in the case of IH scheme, excluding larger portions of the parameter space (here illustrated in theη − m N 1 plane). Notice that valuesη O(10 −1 ) are excluded since in this limit the seesaw condition is not satisfied.
The prospects concerning the observation of BR(µ → eγ) at MEG, as well as the impact of the current bound regarding the parameter space surveyed in our analysis, are collected in Fig. 2 .
Given the significant constraints on the parameter space arising from this observable, it would be undoubtably interesting to consider the actual impact of BR(µ → eγ) on other parameters of the model, such as µ X ij , or the active-sterile mixing angles θ iα . However, and as can be inferred from the description of the underlying numerical scan, the fact that one has explored all degrees of freedom of the Yukawa couplings precludes this (for example, the impact of a given texture and/or regime for µ X and M R would be mitigated by the mixings introduced via the R-matrix). In other words, it is not possible to individually explore the effect of a given parameter on observables, as the latter simultaneously depend on a number of (varying) parameters. Likewise, considering the dependence of an observable on a given active-sterile mixing angle θ iα would provide little insight, as various physical mixing regimes arise from the scan. In what follows, we will consider a NH light neutrino spectrum in our analysis of the different observables. Unless otherwise stated, the Dirac CP violating phase δ will be set to zero.
Invisible Z Z Z decays and W
We begin our analysis by discussing the potential contributions of the additional sterile states to EW observables, in particular the invisible Z decay width (which is an EW precision test) and leptonic W decays.
On the left panel of Fig. 3 , we display the invisible Z decay width, Γ(Z → νν) (see Eqs. (10-13)), as a function ofη. A black horizontal line denotes the SM prediction (cf. Eq. (8)), while green lines (full/dashed/dotted) correspond to the experimental measurements from LEP (central, 1σ and 2σ intervals, respectively, see Eq. (9)). The apparent difference between the SM line (corresponding to a full computation of this observable) and our SM-limit (obtained for the regime of very smallη, for which the PMNS becomes unitary) in Fig. 3 is due to the fact that the latter is based on a tree-level computation; should higher order corrections be taken into account, all points would be shifted towards the SM theoretical prediction.
Clearly, and even though the non-unitarity of the PMNS only indirectly affects Z → νν decays (via the small sterile component in the active light neutrino eigenstates) this EW precision observable is a crucial consistency check of any model with extra sterile fermions, as the invisible decay width cannot exceed the SM prediction [22, 23] . As can be seen in the left panel of Fig. 3 , a sizable reduction of the invisible decay width could indeed occur for a regime of largeη. However, this reduction of Γ(Z → νν) is precluded by the current MEG bound on BR(µ → eγ).
These regimes of largeη are associated with large values of the Yukawa couplings Y ν ij : having such large values of Y ν ij for a comparatively low seesaw scale is a direct consequence of an inverse seesaw as the underlying framework for sterile neutrinos (this effect was already discussed in [7] , in relation to LFU violation in light pseudoscalar meson decays). For Y ν ∼ few × 10 −2 , large active-sterile mixings can occur, possibly leading to a decrease in the Z boson decay width (in agreement with [22, 23] ). This can be confirmed on the right panel of Fig. 3 , where we display Γ(Z → νν) versus the corresponding largest entry of the neutrino Yukawa couplings, max(Y ν ij ). Blue points are in agreement with cosmological bounds, while the red ones would require considering a non-standard cosmology. Black lines denote the SM prediction, green ones correspond to the experimental measurement (full/dashed/dotted corresponding to central value, 1σ and 2σ intervals, respectively). Grey points correspond to an associated BR(µ → eγ) already excluded by MEG.
We now proceed to address the impact of sterile neutrinos and the associated non-unitarity of theŨ PMNS matrix on its most directly related observable: leptonic W decays. As mentioned in Section 3.1, there is at present a tension between the experimental determination of BR(W → ℓν) and the SM expectation, see Eqs. (17 -19) . In view of the sizable deviations that light sterile neutrinos can induce to (virtual) W mediated processes, we thus explore whether the additional states can have an impact on the decay BRs as well. In Fig. 4 , we display BR(W → eν) and BR(W → τ ν), both as a function ofη (the behaviour of BR(W → µν) strongly ressembles that of BR(W → eν), and we so refrain from displaying the corresponding plot). As can be seen from the left panel of Fig. 4 , and similar to what occurred for the Z-decay width, non negligible contributions could indeed soften the tension between the SM prediction and the experimental values; however, the corresponding regime is excluded by current MEG bounds. In any case, a simultaneous reconciliation of the tension for the three leptonic W branching ratios would not have been possible since, as can be seen from the right panel of Fig. 4 , the non-unitarity of the PMNS matrix worsens the discrepancy for BR(W → τ ν). We notice that in the SM limit, corresponding toη ∼ 0, there is a minor discrepancy between our values for the BRs and the SM line [45] , since in our analysis we do not take into account higher-order corrections included in the SM prediction. 
τ τ τ decays
The ratio of leptonic τ decays R τ , defined in Eq. (20) , could also be sensitive to deviations from unitarity. However, as seen in Fig. 5 , the explored parameter space induces values for R τ which are compatible with experimental CLEO and BaBar bounds at the (less than) 1σ level.
The ratios R eτ K and R eτ π defined in Eq. (24) might also be sensitive to deviations from unitarity. While the SM predictions are in good agreement with the experimental measurements for R eτ K (which can therefore be used to constrain deviations from unitarity), there is a discrepancy for R eτ π . In Fig. 6 we display the non-unitarity effects: for R eτ K , and although most of the points lie within the experimental 2σ interval, some exhibit a considerable reduction; a similar situation occurs for R eτ π (notice however that the observed deviation does not alleviate the aforementioned tension). From both cases, it is also clear that departures from the SM-like limit mostly occur for points already disfavoured by standard cosmology. We have also considered R µτ K and R µτ π and found a fair agreement between experimental values and theoretical predictions. However, it is important to stress that no single experiment directly measures R µτ K or R µτ π . Moreover, and since some of the measurements are separated in time by more than five years, there might be systematics coming from the combination of different experimental results. A detailed analysis of these possible systematics is beyond the scope of this work. Nevertheless, a direct experimental measurement of the ratios R ℓτ P would avoid these issues: this could be achieved by considering the decay chain τ → P (→ ℓν)ν and measuring simultaneously BR(τ → P ν) and BR(τ → P ν) × BR(P → ℓν). 
Leptonic pseudoscalar meson decays
We now consider the impact of the non-unitarity of the PMNS matrix, as well as of having light sterile neutrino final states, regarding several observables related to leptonic pseudoscalar meson decays.
Light meson decays -
We begin by discussing the violation of lepton flavour universality in light pseudoscalar meson decays 8 , parametrised by ∆r K,π as defined in Eq. (31) . We display the results in Figs. 7 and 8. Even under the strong constraints arising from the recent MEG bound, one still recovers the results formerly obtained in [7] : as seen in Fig. 7 , large deviations from the SM prediction, within experimental sensitivity, can be found. Interesting information can also be drawn from analysing the correlated behaviour of these two observables, ∆r K and ∆r π . This is displayed in Fig. 9 , which exhibits two interesting characteristics. The first one is that many points are grouped on the diagonal line, thus corresponding to a scenario where ∆r K and ∆r π are correlated. This is typically the case when sterile neutrinos are not kinematically accessible and the deviation is only due to the non-unitarity ofŨ PMNS , since the contribution from non-universality would be the same for both observables. Secondly, and concerning the size of the deviations, notice that ∆r K is always larger than ∆r π . This can be understood from the fact that for certain regimes, phase-space enhancements are possible for R K and not for R π . Such a result is particular to the ISS scenario. In models where the violation of lepton flavour universality is due to new charged Higgs interactions, one expects much larger deviations in K decays than in π decays (for example, in the case of supersymmetric models [93] [94] [95] [96] [97] [98] ). Light meson decays -R e,µ R e,µ R e,µ and ∆r e,µ ∆r e,µ ∆r e,µ
In Fig. 10 , we present the predictions regarding the observables ∆r e,µ introduced in Section 3.3.
As can be seen from these figures, in the ISS scenario, especially in the regime of very light sterile neutrinos, one can indeed easily saturate the current experimental upper bound for ∆r e . However, saturating the experimental upper bound on ∆r µ is impossible in the regions of parameter space investigated in our analysis, except for some very specific points, which are mostly excluded by cosmological observations. For the heavy sterile regime (also corresponding to the cosmologically viable points), one in general recovers the SM limit. Charmed meson decays -R Ds R Ds R Ds
For completeness, we include in our analysis the predictions for R Ds in the presence of sterile neutrinos 9 , displaying the results in Fig. 11 . Current experimental measurements [24] are compatible with the SM prediction at the 1σ level, as is most of the parameter space here analysed. Interestingly, in this case the deviations from unitarity induced by the additional sterile states, increase the agreement between the ISS theoretical predictions and experimental observations. there is an offset between the SM expectation and our predictions in the limitη ≪ 1 (where one recovers unitarity of the PMNS matrix). This is due to the fact that the hadronic parameters taken into our computation (see Eqs. (48, 49) ) make use of new values for the ratio of f Ds and f D , determined from Lattice QCD [65] , as well as the very precise experimental determination of f K /f π [67] . In view of this, we only present the central values for the experimental results. It is worth mentioning that taking other determinations of the ratio f Ds /f D , as for instance the one reported in [66] , would translate into an overall (positive) correction of around 2%, which would have little impact on our phenomenological conclusions.
While for the previous observables a non-vanishing δ had a negligible impact, in the right panel of Fig. 12 one can see that for δ = 0 a small number of points do succeed in alleviating the tension between theoretical predictions and experimental values -provided the above mentioned offset is indeed accounted for. A larger number of points would have indeed alleviated the tension, had they not been excluded by the recent MEG bound.
B B B meson decays -BR(B
We have also considered the impact of the modified lepton charged current vertex regarding leptonic B decays. As mentioned in Section 3.3, this observable suffers from uncertainties associated with the determination of hadronic matrix elements (the B meson decay constant, f B ) and V ub CKM , as well as from experimental errors [73, 74] ; in the absence of available data on B → (e, µ)ν decays, one cannot study a ratio of decay widths to test lepton flavour universality in B-meson decays. Our predictions 10 (based on the input values for f B and V ub CKM given in Section 3.3) for BR(B → τ ν) in the framework of the ISS, correspond to the SM theoretical prediction (within the % level). Thus, we do not display any plots for this observable.
4.6 B ± → Dℓν B ± → Dℓν B ± → Dℓν meson decays
We finally address the semileptonic decays of the charged B meson into a neutral D and a lepton pair, in particular the ratio R(D), defined in Eq. (57) . In view of the non-negligible contributions of the modified W ℓν vertex (due to the presence of sterile neutrinos), we now investigate if the present framework could alleviate the existing tension between the SM prediction and the recent bounds (cf. Eqs. (58, 59) ). In Fig. 13 , we display R(D) as a function of the non-unitarity parameter η and, as done for R D Ds , we also illustrate the effect of a non-vanishing CP Dirac phase, δ. As one can see from Fig. 13 , although the ISS could potentially give rise to contributions to R(D) providing a minor alleviation of the existing tension between SM predictions and experimental measurements (especially in the case of non-vanishing CP Dirac phases), these are excluded due to the strong constraints arising from recent MEG bounds.
Other experimental measurements are expected in the future, and these will perhaps soften the deviation from the theoretical estimations 11 . Moreover, observables related to semileptonic B decays are not free from QCD uncertainties (form factors), while such was not the case for other observables here studied. Finally, sources of NP in the lepton sector, other than the minimal inverse seesaw scenario studied here, can be considered.
Conclusions
In this work we have tried to reconcile theory and experiment in leptonic and semileptonic decays, under the hypothesis of New Physics contributions associated with the lepton sector. We have considered tree-level corrections to the SM charged current interaction W ℓν vertex, due to the the experimental and the theoretical 1σ intervals.
11 A huge effort is currently being made regarding the determination of B meson semileptonic decay form factors, as can be noticed from the FLAG review [66] . Very recent studies, after completion of our numerical analysis, have been reported [100] , but the results do not change the conclusions of this work.
presence of sterile neutrinos (right-handed, or singlet components) which arise in several extensions of the SM aiming at addressing neutrino mass generation.
The phenomenological implications of these extensions are vast, and there are presently strong experimental and observational bounds (from laboratory, cosmology, as well as from electroweak precision tests) on the mass regimes and on the size of the active-sterile mixings.
In our analysis we have focused on the impact of the additional states for leptonic charged currents: the modification of the Standard Model W ℓν vertex can lead to potentially large contributions to observables involving one or two neutrinos in the final state. We have derived complete analytical expressions for all the observables in the framework of the SM extended by sterile states, taking into account massive leptons and their mixings. In order to illustrate the impact of the sterile fermions, we have considered the framework of the inverse seesaw mechanism.
Although conducted for a specific seesaw realisation, our analysis reveals that New Physics in the lepton sector -in the form of additional sterile states -can indeed lead to contributions to some of the leptonic and semileptonic decays here considered (τ leptonic and mesonic decays, leptonic π, K, D, D s decays and semileptonic B → Dℓν decays). Notice however that these are accompanied by sizable contributions to rare radiative lepton decays: in particular, new MEG bounds on BR(µ → eγ) preclude important ISS contributions which would otherwise allow to alleviate the tension between theory and experiment. We extended our analysis to observables which are likely to be studied in the near future (for example R ℓτ K ), predicting their expected range for the investigated parameter space.
Our analysis reveals that, of the different investigated observables, R K,π are clearly the most powerful ones in constraining the model. Contrary to other observables, R P is helicity suppressed in the SM, and as a consequence very small values are predicted. Any SM extension where helicity suppression is no longer present (or is at least alleviated) should then allow for sizable deviations in R P , as is the case of the ISS scenario addressed in this work.
